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STANFORD LINEAR ACCELERATOR CENTER II (A) 
Beam Pipe Cooling System 



Al Lisin, a mechanical engineer with an Engineer's degree 
from Stanford University and five year's experience with Aerojet- 
General Corporation in San Ramon joined the Mechanical Component 
Design group at the Stanford Linear Accelerator Center (SLAC) 
near Palo Alto, California, in 1961, He began work on the cooling 
of the accelerator beam pipe. There was already general agreement 
that the pipe would have to be cooled by a circulating liquid, but 
in other respects the form of the cooling system remained to be 
determined . 



(c) 1966 by the Board of Trustees of Leland Stanford Junior University. 

Prepared in the Design Division of the Mechanical Engineering Department, 
Stanford University, by John A. Alic with financial support from the 
National Science Foundation* 
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Background 

The SLAG project had been proposed in 1957. For a number of years 
engineers and scientists had been carrying out studies and performing 
experimental work with much smaller linear accelerators at Stanford under 
government contracts. Detail design of components for the two mile linear 
accelerator started in 1961, and actual construction began in July 1962. 
Estimated total cost for the facility, design and construction of which 
was carried out by Stanford for the A. E.G. is $114 million. The acceler- 
ator began preliminary Stage I operation in 1966. Stage II operation, 
in which the electrons would be accelerated to greater energies, was 
planned for several years later. Some of the specifications of the ac- 
celerator are listed below: 





Stage 


I 


Stage 


II 


Accelerator Length 


9,600 


ft 


9,600 


ft 


Length Between RF Power Feeds 


10 


ft 


10 


ft 


Number of Beam Pipe Sections 


960 




960 




Length of Sections 


10 


ft 


10 


ft 


Number of Klystrons 


240 




960 




Peak Power per Klystron 


6-24 


Mw 


6-24 


Mw 


Beam Pulse Repetition Rate 


1-360 


pps 


1-360 


pps 


RF Pulse Length 


2.5 


usee 


2.5 


usee 


Electron Energy, Unloaded 


11.1-22.2 


Bev 


22.2-44.4 


Bev 


Electron Energy, Loaded 


10-20 


Bev 


20-40 


Bev 


Peak Beam Current 


25-50 


ma 


50-100 


ma 


Average Beam Current 


15-30 


ua 


30-60 


ua 


Average Beam Power 


0.15-0.6 


Mw 


0.6-2.4 


Mw 


Accelerator Vacuum 










lO" 5 


mm Hg 


lO" 5 


mm Hg 



Electrons are accelerated down the beam pipe by RF energy supplied 
to each pipe section by the klystrons. Every 10 foot section of pipe 
has a waveguide at each end for entrance or exit of the RF energy. The 
klystrons are a form of traveling wave tube. For Stage I each klystron 
feeds four beam pipe sections while for Stage II there will be one klystron 
per section. The 2 mile pipe comprising the accelerator itself is con- 
tained in a tunnel 25 feet below the klystron gallery, which is at ground 
level and contains most of the equipment requiring maintenance, as shown 
in Exhibit 1. An aluminum tube 2 feet in diameter supports the beam pipe. 
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The accelerator sections are made of copper with an O.D. of 4 inches 
and a wall thickness of 3/8 inch; they contain cavities inside of which 
the RF pulses resonate. The pipe is sketched below in longitudinal section: 
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There are 86 cavities in each 10 foot section. A considerable amount of 
RD power is dissipated in the pipe; this takes the form of heat generated 
on its inside surface. When Al Lisin began working on the cooling of the 
pipe, it had not yet been decided whether it would be of the "constant 
structure" type or the "constant gradient" type. In a constant structure 
accelerator (also termed constant attenuation), each cavity in the pipe is 
identical in size and the heat generated in each section decreases expon- 
entially from the inlet end. A constant gradient structure has uniform 
heat generation along each section while the size of the cavities decreases 
from the inlet end to the exit end. The decision on which structure to use 
would be based on considerations of electronics and physics. Total heat 
generation in a 10 foot section for Stage II operation with either structure 
is a maximum of 13.4 or 13.6 kw, depending on whether the waveguide losses 
are included. At Stage I only 3.2 kw must be removed. Since Al d^d not 
know which form the accelerator would take, he had to consider cooling 
systems applicable to each at the Stage II condition. 

The beam pipe cooling system is a critical part of the design of the 
accelerator because the cavities in the pipe must be dimensionally stable 
within + .00005 inch. Al said, "I was told that they wanted to hold the 
size of the cavities constant within this tolerance. The actual size of 
the cavities would be set in tuning operations after fabrication. Tuning 
the accelerator is done by changing the sizes of the cavities slightly so 
the cavity will resonate. They hadn't then decided how the tuning would 
be done, although one method we were considering was to squeeze the cavity 
inward from the sides. If the dimensions of the cavities change once 
they have been set, there will be a shift in the phase of the RD energy 
pulses, putting them out of phase with the beam pulses. When making the 
sections of pipe we knew the tolerances on the cavities before tuning 
would have to be held to a few tenths of a mil. Actually, we'd hoped at 
first to be able to manufacture the pipe with sufficient accuracy for 
good RF characteristics, but then experiments showed the need for toler- 
ances of 50 millionths and we knew the tuning operation would be necessary. 
This also meant we had to try to hold the temperature of the pipe constant 
to + .2°F." 
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Since the amount of heat to be dissipated could be any amount up 
to 13.4 kw per 10 foot section, a control system to take account of this 
variation also had to be planned. 



Beam Pipe Fabrication Studies 

During the early phases of the accelerator project two methods of 
fabricating either a constant gradient or a constant structure pipe were 
considered -- brazing and electrof orming . A pipe could be made from 
cup-shaped pieces of copper, separated by thin washers of brazing alloy 
and assembled into a 10 foot stack, then brazed. The electrof orming 
process involved plating 3/8 inch of copper onto an assembly of alter- 
nating copper discs and aluminum spacer rings placed on a stainless steel 
mandrel. The mandrel would be removed and the aluminum etched out, 
leaving cavities. With either method the pipe would have to be made from 
oxygen free, high conductivity (OFHC) copper, with finishes on the in- 
ternal surfaces of a few micro inches to minimize RF losses. The OFHC 
copper is used because high conductivity is important for efficiency and 
because with the high purity material there is less chance of contaminants 
which might embrittle the structure. Also, if the copper were not oxygen 
free, oxygen and hydrogen might combine inside the pipe wall to form water 
vapor. This could result in blistering or excessive dimensional changes 
in the copper. 

The progress of the fabrication studies can be traced through excerpts 
from SLAC Status Reports, published quarterly. From the 1 January 1960- 
30 June 1960 report:* 

m 

B. Brazing 

An empirical evaluation of brazing cavity-sized parts to- 
gether to form a ten-foot section of disk-loaded waveguide is being 
carried out. The parts for this assembly have been machined from 
blank cups which were made by stamping, drawing and piercing OFHC 
copper plate 3/8" thick by 6" wide. 

A total of 125 of these cups have been drawn; 25 of these 
have been machined to finish tolerances. These finished cups are 
now being used to make short sections for evaluation of various 
brazing methods. Figure 2 displays a drawing of the blank cup 
after drawing, and Figure 3 displays a cup that has been machined 
to finished dimensions.** 



* LINEAR ELECTRON ACCELERATOR STUDIES, M.L, Report No. 741, August 1960, 

Stanford University. 
** Figures 2 and 3 appear in Exhibits 2 and 3. 



A -4 



ECL 61 



The brazing experiments completed to date have been carried 
out using two cup assemblies arranged to simulate the conditions 
to be encountered when ten-foot lengths are brazed. 

The results from these brazing experiments have been very 
satisfactory. The dimensional changes that have occurred during 
brazing have been insignificant, and satisfactory fillets have 
been obtained inside the cups. The axial dimension change has 
been less than .0001" during brazing. 

Exceptionally good surfaces have been obtained on all in- 
ternal surfaces of the cup by a lapping technique, The surface 
finish is 4 to 6 microinches RMS, The lapping experiments have 
just been started and it is too early to evaluate either the cost 
or the rf characteristics of the surfaces. 

In addition to the experiments with the drawn cup shown in 
Figure 2, we are evaluating techniques of making the blanks by forging. 
To date we have evaluated a dozen such forgings, and the results of 
our tests indicate that the forging technique yields perfectly 
acceptable cups if it is properly done. 

C , Electrof orming 

In order to carry out various electrof orming experiments that 
can be fully evaluated from a microwave standpoint, additional parts 
have been started in process, A number of forged aluminum spacers 
have been ordered in order to evaluate the forging approach of making 
spacer blanks. The per-unit cost of the forging in a quantity of 
1,000 is less than the cost of the solid bar stock required to machine 
the aluminum spacers. 

A lapping technique that yields surface finishes of two to 
four microinches is being evaluated. A half dozen spacers have been 
lapped and are now being processed > At this point it is too early 
to tell whether or not the lapped part can be successfully processed 
through the various plating operations- At the time of writing this 
report it does, however, look very promising* 

A new small plating facility is being established to evaluate 
ideas which appear to have the potential of reducing the cost of 
electrof orming substantially, and at the same time yield higher 
quality copper. The facility is expected to be completed within 
the next 60 days. Among the problems to be studied with our new 
small plating facility will be those pertaining to solution concen- 
tration, agitation, rates of plating and related factors such as 
filtration rate . 

At the present time we are electrof orming samples on a stainless 
steel mandrel in a 30-gallon bath prepared with reagent grade copper 
sulfate, CP sulfuric acid and distilled water. Samples will be 
electrof ormed using current densities of 5 , 10 and 15 amps per square 
foot. The samples will be given the usual mechanical and chemical 
tests . 
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A 30-gallon copper fluoborate bath was set up and samples 
plated It was found that very high current densities could be used 
and a fairly smooth deposit obtained but the deposit had a long 
columnar grain structure that yielded inferior mechanical characterises 

Spectrograph^ analysis of the Stanford water and accumulated 
sludge on a five-micron filter indicates that the water is very high 
in iron content and is therefore not suitable for plating. Consequently, 
a still has been installed to provide distilled water at a rate of 
20 gallongs per hour for plating applications in the existing plating 
shop. 

From the 1 July to 30 September 1960 report*: 
A. Brazing 

Several more brazing test have been made with the cavity - 
sized cups. These tests have yielded the same good results that were 
reported in the last Status Report (M.L. 741). 

The cups made by forging techniques worked out so well that 
300 forged cups have been ordered and received. These cups are now 
scheduled for machining. 

No additional work has been done with the lapping of the 
internal surfaces of the cups. It was previously determined that 
excellent surface finishes on the cups could be obtained using a 
lapping technique, but it appears at the present time to be unecon- 
omical to lap the cup geometry unless new methods can be found. 



B. Electroforming 

m 

The new small plating facility reported in the last Status 
Report is now expected to be in operation around November 1. 

The spacers that were lapped to the two-to-four microinch 
surface finish have been processed and found to be completely com- 
patible with the process procedures Five of these lapped spacers 
were clamped together to form a simple aluminum cylinder. The sec 
tion was then processed in the same manner as accelerator waveguide. 
Profilometer readings on the cylinder I.D. gave a surface finish 
of two to four microinches, indicating that the lapped surface 
smoothness was retained through electroforming, subsequent etching 
and chemical plating. The superior surface finished obtained from 
the lappint techniques appeared to justify further consideration 
particularly since the cost of lapping both the disk and spacer is 
less than 107. of the total estimated cost of these two P^ts. 

The 1,000 aluminum forgings have been received. A number of 
these forgings have been finish -machined and processed, with good 
results . 

A forged spacer is shown in Exhibit 4. 
* M.L . Report No. 770, M Report No. 232, November 1960, Stanford University 
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By January of 1962 a furnace suitable for brazing a 10 foot acceler- 
ator pipe section held vertically had been completed. An electroplating 
unit suitable for 10 foot sections had also been installed, The 1 January 
to 31 March 1962 Status Report* then stated, "Three 10-ft dummy sections 
have been elec troformed , and two constant-gradient disk-loaded waveguide 
sections have been brazed. The sections were found to be vacuum tight 
and are now undergoing rf tests." 

From the 1 April to 30 June 1962 report**: 



B. Electrof orming and Brazing 

Five 10-ft sections were made during the period (two electro- 
formed and three brazed). These initially have been used in the 
evaluation of elec trof orming and brazing techniques. After careful 
consideration we have come to the conclusion that we should fabricate 
the disk-loaded waveguide by the brazing method. While we have every 
reason to believe that no difficulties will arise, the importance of 
this component to the project warrants care in planning. Therefore, 
we intend to retain the electrof orming capability on a standby basis. 

Our reasons for selecting the brazing method may be summarized 
as follows: 

1 . Cost Comparison 

Our analysis of the cost of electrof orming and brazing indicates 
that the cost of electrof orming would be approximately 9 percent higher 
than the cost for brazing. The electrof orming would require approxi- 
mately 1300 sq ft more floor space than the brazing method. 

2 . Performance • 

A review of the technical data indicates that within the accuracy 
of cold test measurements the electrof ormed and brazed sections 
should give equivalent performance. 

3. Flexibility 

The electrof orming method of fabrication has less flexibility, 
from a scheduling point of view, than the brazing method. It appears 
unrealistic to plan on producing more elec trof ormed pipes than the 
capacity of the initial installation, which would yield two or three 
10-ft sections per day. Using the brazing method, we have the pos- 
sibility of producing up to six sections per day on a three-shift 
basis. Accordingly, the brazing method provides greater flexibility 
and, hence, more assurance in scheduling. 



* M Report No. 298, April 1962, Stanford University. 
** SLAC Report No. 1, July 1962, Stanford University. 
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By the time the e lee trof orming work ceased SLAC 1 s engineers were able 
to plate on 3/8 inch of copper in three days, while the normal rate in 
commercial practice is .001 inch per hour. 

In the final design, the sections are made from disks and cylinders, 
the cylinders cut from pipe, as shown in Exhibit 5, rather than the drawn 
or forged cups considered earlier. The disk and cylinder construction is 
less expensive. During fabrication of a section disks and cylinder are 
lined up in a granite V-block, Then the stainless steel mandrel is in- 
serted and the assembly placed vertically in the furnace . Starting at 
the top, a ring-burner travels down the section at 10 cm/minute. A copper- 
silver eutectic brazing alloy with a flow point ox 1436°F is used. The 
entire process, including machining of the rings and disks, was carried 
out at SLAC because no contractors capable of manufacturing the sections 
to the required tolerances could be found. Each section cost $3,000 to 
$3,50G. 

An electroformed accelerator section (.before etching) is shown in 
Exhibit 6. The problem then facing Al Lisin was to devise a means of 
holding the temperature of similar brazed sections constant within the 
limits°dictated by the dimensional stability requirements. All permanent 
components of the accelerator were expected to function for ten years 
without maintenance or repair. 
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FIG. 2— Blank cup after drawing (2jt/3 mode). 
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FIG. 3— Cup machined to. finished dimensions (2«/3 mode). 
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Exhibit 4: Forged Aluminum Spacer 
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STANFORD LINEAR ACCELERATOR CENTER II (B) 
Beam Pipe Cooling System 



Four basically different liquid cooling systems were considered by 
Al Lisin and others during the course of the SLAC two mile accelerator 
(sometimes called the M accelerator) project. 



Crossf low 

Al said, "When I joined SLAC in 1961, the talk was of a water 
jacket. I suspect that they ! d looked at ways of air cooling the pipe 
before and quickly found there's too much heat for that. In I960, before 
I was there, they looked at a crossflow water jacket made of sheet metal." 

A cross-section of a pipe with a crossflow water jacket is sketched 
below: 



WATER 
OUT 




Al continued, "This jacket would have to be put on after the accel- 
erator was tuned, in which case tuning could not be accomplished at 
operating temperature, or else they would have to find some way of tuning 
with it in place, but at this time they didn't even know how the sections 
would be made. I think the more serious problem was that with the short 
flow length and large area too much water would be needed. Economics 
quickly rears its head. The higher the flow rate for any cooling system, 
the more the piping , the pumps and the cooling towers cost." 
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The 1 July to 30 September 1961, Status Report- stated: 

A small scale test has been planned to determine the 
required number of water jets for the crossflow water- 
jacket design for the constant-gradient section, The 
test will be carried out with a simplified copper model 
of the accelerator section. The model is being made by 
putting copper ribs, simulating copper disks, on one 
side of the plate. On the other side, the water chamber 
is formed by a second plate that has an experimentally 
variable spacing, The heat input to the accelerator will 
be simulated by strip heaters attached to the rib side of 
the plate. The objective of this experiment is to provide 
a uniform-heat input to the under side of a copper plate 
and to measure the temperature distribution on the other 
side of the copper when water is flowing across the sur- 
face under varying conditions. With the data from this 
preliminary experiment it will be possible to make a 
test set-up with an actual short section of accelerator 
to check the results of the data from the sample experi- 
ment , 



Axial Flow Water Jacket 

Full annular jackets in which water or some other coolant would 
enter at one end of each ten foot section and leave at the other were 
also under consideration during 1960. A proposed design was described 
in the 1 January 1960 - 30 June 1960 Status Report (M.L, No. 741) as 
follows: 

It is desirable to assemble the accelerator sections 
completely before installing the water jacket. This in- 
cludes having the end flanges and waveguide couplers 
brazed on. 

In addition to containing the cooling water, the 
water jacket assembly should also be a structural member 
capable of supporting the accelerator tube and keeping it 
straight, 

Several designs have been considered using a full 
length tube slipped over the accelerator section from one 
end. The tube would have sufficient strength and rigidity 
to support the accelerator sections. Inside baffles be- 
tween the jacket and the accelerator pipe would support 
the pipe and keep it in alignment, 



L. Report No. 859, M Report No, 280, October 1961, Stanford University 
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There are some disadvantages to this type of con- 
struction. The jacket would have to fit very closely 
on the accelerator pipe, and hence would he difficult 
to slide over the pipe without introducing excessive 
forces that might deform the soft copper accelerator 
pipe. Also, the end flange and wave guide coupler would 
have to be brazed on after the jacket has been installed. 
This would necessitate tuning the accelerator cavities 
with the water jacket in place, 

A design of a combination supporting structure and 
water jacket, shown in Figure 5*, shows promise of over- 
coming most of the disadvantages of other designs that 
have been considered. 

In this design, the accelerator pipe is completely 
assembled, including the end flanges, waveguide couplers 
and cooling water inlet and outlet connections. 

With the accelerator tube in a vertical position, the 
angle iron support frame, with the lower half of the water 
jacket in place, is placed against the table, and clamped 
to it. The end flanges are clamped to the support saddles, 
This sub-assembly can now be laid down horizontally for 
completion of the assembly work. 

The upper half of the jacket is then installed and 
clamped to the angle support with a soft copper wire gasket 
between the longitudinal flanges of the upper and lower 
halves. The end flanges of the jacket are heliarc welded 
to the flanges on the water inlet and outlet connections. 

Two complete support frame and water jacket assemblies 
have been ordered for testing on the new accelerator sections 
for Mark IV- They should be ready for installation iff the 
early part of August, 



The Mark IV was a 20 foot accelerator located on the Stanford campus. 
The Mark IV accelerator was used by the School of Medicine before being 
turned over to SLAC . The two sections were built and shortly after Al 
joined the project were tried on the Mark IV, He said, "They seemed to 
work very well as far as temperature control went, but they gave a lot 
of trouble during fabrication. It was very hard to control the gap 
between the stainless steel jacket and the pipe, and we couldn't get a 
leak-tight seal at the copper wires, I think they ended up putting 
radiator stop-leak in it. It was also hard to join two sections like 
this together, and they cost a lot to build, 11 



^Exhibit 1. 
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The 1 July to 30 September 1960 Status Report* described another 
jacket: 

An alternate water jacket, shown in Figure 3** has been 
ordered for delivery in October. This jacket consists of a 
full length tube 4-1/2 in.O.D. x .062 in.wall. The tube has 
been dimpled with circumferential rows of evenly spaced 7/16 in. 
diameter dimples in line with the cavities in the accelerator 
tube . 

The dimples serve several purposes: they support the acceler- 
ator tube centrally in the jacket; they create increased turbulance 
in the cooling water; and they make it possible to tune the 
accelerator cavities with the jacket in place. 

This jacket is designed to utilize the same water inlet and 
outlet headers as are used with the split jacket. 

A stainless-steel dummy accelerator tube has been fabricated 
to be used for trial assembly of the water jackets. This assembly 
will also be used to check the copper-wire-gasketed joint in the 
split jacket, and to determine the water-pressure drop through 
the jacket. 

The tuning operation referred to would be an indentation of the 
walls of each cavity. 

Reduced Pressure Boiling 

Al said, "By putting the whole pipe beneath the surface of a boiling 
liquid you can control the temperature by controlling pressure above the 
liquid. They were then thinking of copper temperatures in the range oT 
80° to 130°F. You can hold the temperature very closely by good control 
of the saturation pressure." 

The reduced pressure boiling idea is sketched in Exhibit 3. The 
condenser above the pipe is water cooled and connected through a control 
valve to a vacuum pump. The pressure in the jacket is sensed and the 
signal fed to a control system which regulates the valve to hold a constant 
set pressure. Experimental sections were tested during the winter of 
1961-62. Al explained that the range of temperatures considered represented 
compromises, as a low temperature is desirable to minimize the resistivity 
of the copper and cut the rf losses, while higher temperatures allow 
smaller heat transfer areas and lower manufacturing costs. 

Cooling Tubes 

Al said, "The idea of spacing a number of small longitudinal cooling 
tubes around' the pipe came when I started to worry more about how we 

* M.L. Report No. 770, M Report No. 232, November 1960, Stanford University 
** Exhibit 2. 
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would be able to dent or dimple the pipes for tuning. If we wanted to 
indent at several points around each of the 86 cavities, and do this with 
water running through a jacket, then obviously one of the simplest ways 
would be to just use parallel tubes, leaving the surface of the pipe ex- 
posed between them. If some other kind of jacket were to be brazed on 
after tuning, the high temperature could destroy the adjustments. 

If we decided to use a constant structure pipe, the increase in 
cooling water temperature along with pipe would balance the decrease in 
heat generation while for a constant gradient pipe we could run water in 
opposite directions in adjacent tubes." 

The first mention of the cooling tube design came in the 1 October 
to 31 December 1961 Status Report*: 

Another promising water-jacket concept is currently being 
investigated. In this cooling method, 16 one -ha If inch o.d. tubes 
are brazed directly onto the surface of the accelerator. Water 
flows in one direction through all tubes for constant-attenuation 
sections, and in opposite directions in adjacent tubes for constant- 
gradient sections. Test samples are being made to determine the 
possibility of brazing the tubes in a single operation in the 
vertical brazing furnace. A test system to evaluate this concept 
has been designed and is currently being fabricated. 

Al explained, "We tried 16 tubes because it seemed as if it would be 
a good idea to cover as much of the surface as possible. The tubes were 
1/2 inch o-d., 3/8 inch i-d. commercial copper water pipe. At this point 
I'd only made a few very rough calculations, and the purpose of the test 
was just to see how well we could hold the temperatures. Some of the 
other advantages of the tubes are pretty obvious -- fabrication is simple 
compared to a sheet metal jacket and dimensions can be held closely, 
which helps give uniform temperatures. Also there's little chance of 
leakage, since connections to small round tubes are easy to make. In 
parallel with the experimental work I was going to look at the size and 
number of tubes it would be best to use." 

The test section built to be tried on the Mark IV is shown in 
Exhibit 4. 



* M.L. Report No. 882, M Report No. 291, January 1962, Stanford University 
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STANFORD LINEAR ACCELERATOR CENTER II (C) 
Beam Pipe Cooling System 



The January 1962 Status Report commented on the cross-flow cooling 
arrangement as follows; n The small-scale, cross -flow-test mockup was set 
up and tests performed. The tests have shown conclusively that unless an 
extremely large amount of water is used, the cross-flow method of cooling 
the accelerator cannot meet the + 1/4°F temperature-control requirement." 

The same report mentioned that a further development of the axial 
flow full water jacket was being evaluated but that it probably would not 
be used on the M accelerator because of fabricating and installation 
difficulties. Al commented, "Actually, a sheet metal water jacket in 
theory is a very good way to cool the pipe, although we had to drop the 
idea because it's so hard to hold the annular dimensions constant. For 
a uniform structure accelerator the size of the annulus and the flow rate 
can be chosen to give a constant pipe temperature, with the water entering 
at the high heat generation end and flowing toward the low heat generation 
end. You can show analytically that there is a single flow rate for any 
geometry that gives an axially uniform accelerator temperature. Then the 
temperature can be held constant regardless of the RF power level by 
varying the water inlet temperature . "(Exhibit 2). 

"Things are a little more complicated for a constant gradient structure. 
With uniform heat generation you can taper the annular space so that it 
decreases towards the water outlet end. At the large end, velocity is 
low and the film conductance^ is also low. This gives a large water-to- 
pipe temperature difference. Towards the other end, both water temperature 
and velocity increase, the conductance increases, and the temperature dif- 
ference is smaller. The other way to take care of the constant gradient 
case is to vary the flow rate along the section. As the water temperature 
increased, the flow rate would also be increased. To do this we would 
have had to use a double water jacket. Either way, the fabrication 
problems would have been enormous for the constant gradient alternative." 

The April 1962 Status Report (M No, 298) said: 

The reduced pressure boiling test system operation continued. 
Both test results and analysis have indicated that reduced pres- 
sure boiling cannot be used to maintain a uniform accelerator 
pipe temperature if the pipe is submerged. The difference in the 
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depth of immersion between the top and bottom surfaces of the 
accelerator pipe (4 in.) leads to a temperature difference of 
5°F from top to bottom. Other methods of applying the water 
to the surface, such as spraying, resulted in nonuniform spraying 
coverage with a resultant nonuniform wall temperature. The 
reduced pressure boiling cooling method has, therefore, been 
dropped from further consideration. 

Al commented, n The 5° temperature difference would lead to severe 
bowing of the beam pipe. When we tried keeping the water level below 
the pipe and spraying water on we ran into problems with particles and 
impurities in the water plugging or corroding the nozzles; this was with 
a nozzle velocity of 40 to 50 feet per second. An electrically heated 
test section was made with a window in it, and we could see that we 
weren't getting uniform coverage on the pipe. We also tried using wicks 
to get the liquid to the pipe surface, but again got poor coverage. Al- 
though the water temperature stayed constant, dry areas on the pipe 
were at high temperatures while the temperatures were too low where the 
water dripped off. When we went to very small nozzles to give a finer 
mist we ran into the plugging problems. Then we started looking at 
fluids with a higher saturation pressure and a lower rate of change of 
saturation temperature with pressure than water* This would allow higher 
pressures and less of a temperature change over a submerged pipe. Only 
a few organic fluids would have worked, but they all tend to decompose 
in the radiation," 

Concerning the cooling tube work, the April 1962 Status Report said: 

2 . Longitudinal Cooling Tube Design 

The longitudinal cooling tube concept in which many 
parallel cooling water tubes are attached to the outside surface 
of the accelerator pipe was investigated in greater detail. 
Analytical work has indicated that, for constant-attenuation 
operation, water flowing in parallel through these tubes would 
be capable of maintaining a constant circumferential average 
temperature along the full length of the accelerator pipe. The 
same cooling tube arrangement with water flowing in opposite 
directions in alternate tubes can be used for cooling the ac- 
celerator pipe under constant-gradient operating conditions. 
Analysis indicates that, with cooling tubes of constant cross 
section and with an appropriate tube size and water flow rate, 
the circumferential average wall temperature can be held constant 
all along the accelerator pipe within about 0.6°F. The possibility 
of tapering the tubes in a manner that would vary the heat transfer 
characteristics along the tube and thereby allow the attainment of 
a more nearly constant temperature is also being studied. 

A test system has been fabricated and set up for evaluation 
of the longitudinal cooling tube concept. The heat input system 
has been debugged and is now operating properly; the constant 
temperature water supply system has been checked out; and the 
thermocouples have been calibrated and installed. Preliminary 
data indicate that the constant-diameter longitudinal tube ar- 
rangement is probably adequate for maintaining a constant 
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accelerator temperature at constant-gradient operation for the 
Mark IV accelerator and for Stage I power levels e Further testing 
with straight and with tapered tubes is planned. Figure 4* shows 
the test system prior to completion of insulation around the dummy 
accelerator section, 

3 , Water Temperature Control System 

A water temperature control system capable of supplying 
water at a constant temperature to within + ,?°F, at flow rates 
up to 20 gpm, and with a 35 psi head, was designed and built for 
use in the cooling system tests- The system is a closed circula- 
ting loop built entirely of stainless steel and non-ferrous materials 
to maintain the water in a state of high purity. Operation to date 
indicates that the system will have negligible corrosion, A series 
of test runs at power levels from 1 kw to 20 kw has been completed, 
and the temperature of the water has been shown to be constant with 
a maximum deviation of + 0,?°F over the entire range. Figure 4 
shows the water temperature control system at the right - 

In the July 1962 report (SLAC-1) it was stated that, "A minimum of 
13 gp m per 10-ft accelerator section will be provided. The accelerator 
tube metal temperature will be held at 113°F v'45°C) by varying the 
temperature of the water supplied. 11 

Al said, ,f The 13 gpm and the 113° temperature both came out of 
committee meetings. The temperature was a compromise between efficiency 
and cost; we were still considering flow rates greater than 13 gpm but 
we had decided the flow rate would be held constant, This is because 
there f s only a limited range of water velocities in the tubes th^t give 
turbulent flow without excessive corrosion and erosion, 1 checked the 
literature and 7 feet per second seemed to be about the upper velocity 
limit for water flowing through copper tubing. The range is small 
enough so we couldn't control temperature by changing flow rate alone 
over the whole range of RF power, so there's no reason to vary flow at all." 

A graph Al had made in January relating some of the variables is shown 
in Exhibit 3, 

By the time the test work was well underway, in August 1962, it had 
been decided that the M accelerator would be of the constant gradient 
type. A paper**by W.K.H. Panofsky, the Director of SLAC, stated the 
reasons for the choice as follows; 



* Exhibit 1 

** PROGRESS REPORT ON THE STANFORD TWO-MILE ACCELERATOR, presented at 
the 1963 International Conference on High Enery Accelerators, 
August 1963, printed in SLAC-18. 
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The accelerator proper is fabricated in 10-foot "sections" 
of the constant gradient type 6 By this, we mean a structure 
designed to propagate electromagnetic waves in a longitudinal 
electric circularly symmetric mode with phase velocity c, but 
with group velocity v varying (0,020 c> v g > 0,007 c) such that 
the electric field will build up to an essentially constant value. 
This is achieved by varying the cavity dimensions (three disks 
per wavelength have been chosen to optimize the shunt impedance) 
for each of the 86 cavities constituting the section, The choice 
of the "constant gradient" structure has considerable advantages, 
the most important being a lower peak electric field strength 
for a given energy gain and also less problems with multipactor ing 
and "beam breakup" due to unwanted modes. 

After the August decision, all further experimental and analytic 
work concerned only constant gradient sections. Drawings of the disk 
and cylinder pieces which make up each section appear in Exhibits 4 and 
5. Slightly different cylinders go on each end of the section, thus 
only 84 are listed on the drawing of Exhibit 4 „ 

Also from the July 1962 report, 

Several tests of the longitudinal cooling -tube arrangement 
were made using an electrical heater in a mock-up of an accelerator 
pipe- Individual temperature measurements were not always consistent, 
but averages of many readings showed that, at full power conditions 
along the accelerator mock-up, temperatures were held at 0.2°F. 
The problem of obtaining accurate temperature measurements has been 
studied in some detail, A technique for making thermocouples having 
the required degree of accuracy has been developed. New thermo- 
couples accurate to within 0,1'F are currently being installed on 
the accelerator mock-up 

Al commented, "The first dummy section was just a ten foot copper 
pipe, with a four inch 0.D and 3/8 inch wall and the 16 tubes soft- 
soldered on. We had to solder them because we didn ! t have a furnace big 
enough to handle a ten foot length of beam pipe and you can't get it hot 
enough for brazing with a torch. When we tried to use the flame furnace 
and ring burner that the pipes are brazed with, we burned up the tubes 
before the beam pipe even got hot." 

' "We put a moly rod in the center of the pipe, evacuated the pipe to 
keep the moly from burning up, and poured up to 15 kw of power into the 
rod while we measured temperatures on the pipe surface. The temperature 
variations were as much as 9 D F, We thought a good part of this was due ^ 
to the poor thermal conductivity of the solder and also because we didn't 
have a uniform solder joint, so then we made up another section, soldering 
more carefully We still had trouble because of non-uniform heat input 
and our thermocouple readings were subject to a lot of error. We decided 
to simplify the setup and brazed a single tube to a copper bar with a 
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heater under the bar . I had started to worry about entrance effects in 
the tubes, since there would have to be a sharp bend where the water 
entered the tube from the manifold and the conductance can vary quite 
a bit as the boundary layer builds up. We put thermocouples on the bar 
in the entry region to try to check on this. Overall, I thought this 
test was inconclusive because we were still having problems getting 
good temperature readings, but the results did show that entrance ef- 
fects were smaller than would be predicted from data in the literature." 

Soon afterwards a test stand was finished in which beam pipes could 
be tested with an RF power input such as they would experience in the 
accelerator., This test stand was also used to determine the effect of 
pipe temperature variations on RF phase shift, 

Al continued, "About this time we tested a section with only eight 
tubes in addition to the one with 16, By then it seemed that the tuning 
would probably be done by indenting the walls of each cavity at four 
equally spaced points. This meant the number of tubes could be any 
multiple of four, It seemed obvious that if only four were used the 
peripheral temperature variation would be too great. Twenty or more 
tubes would have made the indenting difficult, and 8, 12, or 16 seemed 
feasible, We did the testing on sections with 8 and 16 tubes because 
we could interpolate to get results for 12 tubes." 

Sections with both 8 and 16 tubes soldered in place were tested in 
the RF test stand. An eight tube test section with different manifolding 
from the section shown in Exhibit 1 appears in Exhibit 6, Al said, "The 
tests showed little difference in temperatures, as near as we could tell, 
but we were never able to measure temperatures with very good accuracy, 
I think we finally got down to plus or minus ,3 or A°F after a long 
struggle. At first we didn't know if we were getting bad temperature 
readings or if we actually had a severely non-uniform temperature dis- 
tribution, but when we put about 50 thermocouples on one of the pipes, 
it seemed that the general trend was toward uniform temperatures, with 
some erratic readings from thermocouples thrown in, Part of the trouble 
was that we had kilovolts of RF noise imposed on millivolts of thermo- 
couple output. It was also difficult to fix the thermocouples to the 
pipe surface. Actually, we didn't really know where we wanted to measure 
temperatures., To keep the cavity dimensions constant, the volume average 
temperature of the pipe must be kept constant, But all we could measure 
were a few local temperatures on the surface, while to get the volume 
average you have to integrate a three-dimensional temperature distribution. 
This posed a real problem for a control system -- where on the accelerator 
section could we sense a temperature that would be representative of the 
volume average?" 

"We wanted to use a lot of thermocouples to measure both the axial 
and circumferential temperature variation, and not only between the 
cooling tubes but also around them. But when we stuck them to the sur- 
face, the variations in contact resistance introduced too much error. 
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On electroformed accelerator sections we were able to pierce the outer 
layer of copper and pry it up to make a cavity for the couple. This is 
possible because the electroplated copper is deposited in layers. Then 
we peened down the cavity over the wires. But this wouldn't work on 
brazed sections. With these we tried drilling holes and peening the 
metal down around them. We also tried contact type devices that are 
pushed against the surface with a handle, but these gave varying readings 
depending on how hard you pushed. 11 

The method that Al finally felt gave the most reliable results used 
a copper pin and a constantan pin, each made from 14 gage wire, set into 
holes drilled 1/4 inch apart in the wall. The holes were 1/8 inch deep 
and the pins were pressed in. After they were inserted the adjacent 
surface was peened down to stake them in. The temperatures were read 
with a Leeds and Northrup !l Speedomax H M indicator having a guaranteed 
repeatability of . 15°F over the range 50 to 150°F. On sections instru- 
mented in this manner with soldered cooling tubes the circumf erentially 
averaged temperatures fell in a range of 0.9°F along the ten foot length 
for a range of RF power inputs averaging up to 17 kw. The maximum 
temperatures were in the middle of the section. 

Al said, n The tests on accelerator sections couldn ! t tell us the 
best size and number of tubes to use; for this I had to rely on analysis. 
Around the end of 1962 I was also worrying about the control system and 
how to manifold the sections. With eight connections to each of two 
manifolds at both ends of the section, things were pretty complicated. 
We used circular tubes around the pipe, but the connections were hard 
to make and I was worried about getting different flow rates in the 
different tubes. At one point in the design we thought we would have* to 
squeeze the tubes to adjust the flow rates until they were equal. 11 
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April 9, 1962 

TENTATIVE WATER-JACKET WATER REQUIREMENTS 

The proposed method of cooling the accelerator pipe is by longitudinal 
cooling tubes attached to the outside surface. The tubes would be manifolded 
so that the flow through all is in one direction for constant-attenuation 
operation and in opposite directions in alternate tubes for constant-gradient 
operation. This cooling method appears desirable because it allows the ac- 
celerator sections to be tuned after the tubes are attached, because no close 
tolerance parts are needed, and because, hopefully at least, the tubes can be 
attached by brazing in a flame furnace, 
Constant-Gradient Operation 

In constant-gradient operation, the heat generation along each acceler- 
ator section is uniform, thus one cannot provide cooling water at one end of 
the section and remove it at the other and maintain a constant wall tempera- 
ture without varying the heat transfer characteristics alongs the tube. Since 
it would be desirable to use tubes with a constant size along their length, 
the counter-flow arrangement was investigated. In this cooling system, the 
temperature rise of the accelerator wall under one tube is approximately com- 
pensated for by the temperature rise in the opposite direction under the adja- 
cent tube, yielding an average wall temperature which is approximately constant. 
This cooling method cannot yield "an exactly constant accelerator-pipe tempera- 
ture along the entire length. The ends will always be slightly warmer than 
the mid-section. However, if one is not limited to any specific number of 
tubes, tube size, or water flow, a constant average temperature can be ap- 
proached as closely as is desired. 

Analyses indicate that for this cooling method it is desirable to have a 
large accelerator pipe to water temperature difference compared to the water 
temperature rise. Since it is desirable to keep the accelerator pipe tempera- 
ture as low as possible and economics dictates the use of as high a cooling 
water temperature as possible, we see the need for large water flow rates. 
Large flow rates mean many or large cooling tubes in order to keep water 
velocities down (to minimize erosion and pressure drop). There is a practical 
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limit to how many tubes of a given size can be attached to the accelerator 
pipe. The use of sixteen 1/2-in. OD tubes was found to be a practical com- 
promise. A flow of at least 15 gpm would be required to maintain the acceler- 
ator pipe temperature within a + 1/2°F tolerance. Increased flow decreases 
the end to middle temperature difference but the improvement decreases expon- 
entially with flow, A lower flow rate could be used if the tubes were tapered 
to vary their heat transfer characteristics along their length. A lower limit 
on the water flow rate would then be 12 gpm in order to maintain fully turbulent 
flow. 

Eyperimental results to date show the longitudinal tube cooling system 
to be promising, but are not entirely in agreement with analysis, The dif- 
ference between the average end temperature and the average mid-section 
temperature was measured to be 0.3°F at 11.2 gpm and increased to 0,5°F at 
15.4 gpm at Stage II heat-input conditions. At lower power levels, this 
effect was much smaller or nonexistent. Since there is some uncertainty in 
several of the temperature measurements, the tests will be repeated with im- 
proved instrumentation at the earliest possible time. In the meantime it can 
be assumed that the analytical results are valid, 
Constant -Attenuation Operation 

In constant -attenuation operation, the heat generation decays expon- 
entially along eacn accelerator section, Thus, with the proper combination 
of number and size of water tubes, flow rate, and water temperature, it is 

possible to maintain a constant accelerator-section temperature over its full 

length. 

Analysis indicates the following trends for constant-attenuation operation: 
the tube size decreases slowly with increasing water flow and tube size in- 
creases with increasing system temperature. The following table indicates the 
relationship between water flow rate, average water temperature, and tube 
diameter and number . 
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No, Tubes 


Average Water Temperature 




and Size 


80°F 100°F 


120 


°F 


14-5/8 in. 




16 


gpm 


16-1/2 in. 


15 gpm 28 gpm 


—50 


gpm 



The minimum flow rate to guarantee fully turbulent flow is about 12 gpm 
and the upper flow rate limit (from pressure drop and erosion considerations) 
appears to be between 35 and AO gpm. 

Conclusions 

From the previous discussion it appears that almost any flow rate in the 
range 12 - 35 gpm can be used for either constant-gradient or constant-attenuation 
operation. However, the range 15 - 20 gpm appears to be the most desirable, the 
exact flow rate desired being dependent on the operating temperature. There 
does not appear to be a significant effect of flow rate on the water jacket 
cost. Within a practical range of tube sizes, the water jacket pres&ure 
drop is not limiting, about 1 psi at 15 gpm and about 8 psi at 40 gpm, 

It therefore appears that within the above limitations, the cooling water 
flow rate must be chosen on the basis of the water supply system economics. 
It should be remembered that the convection heat-transfer process is quite 
sensitive to flow perturbations and build-up of corrosion or erosion products, 
and in addition is difficult to predict to the high degree of accuracy required 
in the present application, Therefore, in choosing a water temperature -control 
system, its ability to maintain the desired temperature and a constant flow 
rate should be considered in addition to economic considerations. 
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April 19, 196? 

TENTATIVE WATER-JACKET WATER REQUIREMENTS (Supplement No. 1) 

Since the subject memo was issued, several questions have arisen 
concerning the effect of power level and water flow rate on the accelerator 
pipe temperature. The attached curve shows the accelerator cooling water 
temperature rise as a function of the heat input and the water flow rate. 
The curve also shows the difference between the accelerator surface and 
water inlet temperatures as a function of the heat input and water flow rate. 
A significant observation which can be made from the accelerator minus water 
inlet temperature curves is that for a given available inlet water temperature, 
the accelerator pipe temperature decreases with increasing flow rate. Obviously, 
it is desirable to keep the accelerator temperature as low as possible, 
therefore, the higher flow rates are desirable. 

The calculated results shown agree with experimental data obtained to 
date. This can be seen in the second figure where the accelerator pipe 
temperature is shown as a function of the heat dissipation rate for 83°F 
inlet water flowing at 10.3 gpm through 16-0.43 inch ID tubes in a counterflow 

m 

arrangement. The data were taken on 4-18-62 with a constant heat generation 
rate along a straight piece of pipe simulating an accelerator section and 
using an electric heater to simulate the RF heat generation. The experimental 
values of accelerator pipe temperature are the averages of 12 individual 
readings taken on the pipe surface. The spread of the 12 individual readings 
is also shown. It should be noted that the test data presented here is 
preliminary. Future measurements will be made with more accurate temperature 
sensors, in a pipe with discs and with a more uniform flow distribution through 
the cooling tubes. Final tests will be performed on accelerator sections 
with RF heat input. 

For comparison with the present longitudinal tube design the temperature 
of an accelerator pipe with an annular sheath of cooling water (previous water 
jacket design) is shown by the dashed line. Although the annular water jacket 
is more desirable from the point of view of temperature, its higher cost, 
difficulty of installation, and lower reliability are felt to outweigh its 
temperature advantage. Its temperature advantage becomes insignificant at the 
higher water flow rate,, 
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Fight Tube Constant Structure Test Section with a Single Manifold 
at Fach End. 
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STANFORD LINEAR ACCELERATOR CENTER II (D) 
Beam Pipe Cooling System 



By the end of 1962 Al was making analytical studies of constant 
gradient accelerators with both 8 and 16 counterflow tubes. Samples of 
some of his calculations appear in Exhibit 1. These were made in December 
1962 for a pipe with eight tubes of .34 inch i.d. and a water flow of 13 
gpm. Earlier in the year he had made a broader parametric study of the 
uniform structure alternative, considering tube i.d.'s of ,2, .3, .4, 5, 
and .6 inch. On the basis of these results he narrowed his studies for 
the constant gradient accelerator down to four commercially available 
tube i,d. f s .34, .36, .40 and ,43 inch. 

On the first page of Exhibit 1 he finds a value for the film 
conductance h from an empirical formula for fully established turbulent 
flow. At the top of this page he finds the water temperature rise over 
the ten foot length to be 7.1°F. On page 2 he finds the difference in 
temperature between the base of the tube and the water. Continuing, the 
water temperature difference between two adjacent tubes is determined at 
both ends, the middle, and the 1/4 and 3/4 points on a section, taking 
account of the fact that, since they are at different temperatures, heat 
flows from one tube to the other and thus less than 1/8 th of the total 
heat generated flows to the hotter tube while more than l/8th flows to 
the colder. In further calculations, not shown, he determines the axial 
temperature variation along the accelerator section. 

Al determined temperature distributions within various sections of 
the accelerator pipe wall by using electrical analog models made of carbon 
impregnated Teledeltos conducting paper. To do this he needed the film 
conductance and water temperatures along the length of a tube from his 
calculations. Al said, n At this time we didn't have a computer, so an 
analog was the only practical way to get the temperature distributions 
inside the wall . 11 

He cut a piece of the Teledeltos paper to the shape of a segment of 
the accelerator between the centerlines of two tubes and scaled to represent 
the conductivity of the OFHC copper as shown in Exhibits 2 and 3. Since 
the wires are attached to the paper only at a finite number of points, the 
paper is extended inside the pipe and tube walls and this portion is slotted 
so that current entering or leaving can flow only radially. The resistors 
in the leads from the tubes simulate the film conductance h. The voltage 
applied to the two cooling tubes can be varied to represent different water 
temperatures. Voltages at various points in the interior of the "wall", 
which are proportional to the temperatures, are read with a probe. 
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Al also used these conducting paper models to investigate changes in 
contact area between the tubes and the pipe; while the model in Exhibit 2 
has a large radius at the junction representing a large brazed fillet, that 
in Exhibit 3 has been cut down to simulate a much smaller fillet. Various 
tube wall thicknesses were also checked with the analog. Typical results 
of measurements made on a conducting paper model representing a section 
taken at the inlet of one cooling tube and the outlet of the adjacent tube 
for a power input level of 13.1 kw is shown in Exhibit 4. 

Before Al began working with the flux plot models he was worried that 
the value of h might vary around a tube because of the change in local 
temperature. However, he found from the models that peripheral variations 
in the value of h did not lead to significant axial temperature differences, 
so he did not have to try to determine if h actually did vary. 

An amplification of the analytic and flux plot studies and some comments 
on the alternatives Al was then considering are contained in the memo 
reproduced in Exhibit 5. 

Al now planned a more detailed comparison of the alternative tube 
configurations available to him, including those mentioned in the memo of 
Exhibit 5 and a one-piece tube and spacer consisting of a pedestal of 
varying cross-sectional area with a water passage formed integrally above 
it. He also considered variations on these ideas, for instance, squashing 
an initially round constant diameter tube to vary the velocity, a method 
analogous to tapering the tubes. 

Al was still worried about how to compensate for entrance effects, as 
the curves in Exhibit 5 show, and about how to control the temperature in 
the 960 pipe sections. For this he thought he would need both a means -of 
varying the water inlet temperature and a knowledge of the heat transfer 
characteristics of the jacket. He said, "At first we were thinking of 
sensing a temperature somewhere on each section and automatically regulating 
the water inlet temperature to that section as a function of this. But it 
would have meant almost a thousand control systems -- a lot of money. A 
little later we thought that since at Stage 1 a single klystron would feed 
four sections, all four could be controlled together. This got us down to 
only 250 control systems. But as the money got tighter we began to think 
about using one water system for each sector. A sector consists of 32 
sections and is another natural division in the accelerator length because 
of the way the klystron power supplies are hooked up." 
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A Technical Note written in 1962 by R. B. Neal, Associate Director 
of SLAC for the Technical Division, contained the following paragraphs on 
temperature control: 

DISCUSSION OF SECTOR CONTROL 

In the case of sector control of cooling water temperature, the 
temperature deviations of individual sections are the sum of three 
separate components : 

(1) The error in the determination of the "correct" temperature at 
which the sector should be maintained; 

(2) The error in the temperature of the water to the entire sector; 

(3) The error in the temperature of the metal structures of individual 
sections , 

The 'correct 1 base temperature for the sector cooling water depends 
upon the average power level. In this discussion, it is presumed that the 
klystrons in the sector are all operated at the same nominal beam voltage, 
pulse length, and pulse repetition rate. It is desired to maintain the 
accelerator sections at a constant temperature at all power levels. To 
accomplish this, the input cooling water temperature must be lower than the 
temperature of the metal structure of the accelerator section by an amount 
proportional to the average rf power input to the section. Among the several 
ways by which the correct input water temperature may be determined are the 
following: (a) by monitoring the temperature of the metal of the accelerator 
structure using appropriate sensing devices and maintaining the mean metal 
temperature constant^- by adjusting the input cooling water tower temperature 
(for improved accuracy, the average temperature of all the sections comprising 
the sector should be maintained constant; the average might be determined, for 
example, by connecting all the sensing devices attached to the individual 
accelerator sections of the sector in series) (b) by monitoring the average 
output power of the dc supply connected to the sector modulators and ty 
multiplying this output by the known klystron efficiency factor; (c) by 
measuring the water temperatures in the supply and return manifolds of the 
accelerator section and by adjusting the input water temperature to keep 
this phase difference constant, Of the four methods outlined here, method (d) 
should be most accurate and has the advantage that the temperature drop across 
the accelerator wall is automatically taken care of; however, it would probably 
be more expensive to instrument than the others. Method (a) would probably 
give sufficient accuracy with reasonable cost, The accuracy of methods (b) 
and (c) is affected by beam loading variations, but they might still be 
adequate , 



It is important to take into account the temperature drop across the metal wall 
of the accelerator structure. For copper walls and for the parameters of the M 
Accelerator this temperature drop is given by 5T = 0.053 t P^-y* where t is the 
wall thickness in inches and P is the average rf power input in kilowatts to 
the accelerator section. At the maximum Stage II power level of 21.6 kw and fo 
t = 3/8 inch, T = 0„43°C. The pertinent temperature drop governing cavity 
dimensions is approximately T/2 which has a maximum Stage II value of 0.22 C C 
(0.39°F) . 



DISCUSSION OF ACCELERATOR COOLING WATER REQUIREMENTS, TN 62-25, R, B. Neal, 
April 25, 1962 
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The magnitude or errors in class (2) depend upon the accuracy to 
which temperatures can be maintained in economically feasible control 
systems. Rogers in TN 62-20 states that a control system has been ^ 
developed which can easily maintain water temperatures within + 0.2°F. 
For the purpose of this note, it will be assumed that the sum of errors 
in classes (1) and (2) can be held to + 0.4°F, except during transient 
periods. 

Errors in class (3) arise primarily from variations in the average 
output power of individual klystrons. Since the difference in the 
temperature of the metal accelerator structure and the input cooling 
water temperature is proportional to the average rf power input, a 
deviation of input power from the standard value on which the input water 
temperature is based will result in a deviation in the temperature of 
the metal wall from the correct value. Ac the maximum Stage II power 
level, approximately 15 kw of rf power is dissipated in each accelerator 
section (in the absence of beam loading). 

Lisin 1 has calculated and experimentally verified the temperature 
difference between the input cooling water and the metal accelerator 
structure at various values of power dissipation and water flow rates 
for a 10- foot accelerator structure equpped with 16 - 0.43 inch inside 
diameter pipes carrying cooling water in a counter- flow arrangement. He 
finds, for example, that for a power dissipation of 15 kw and a flow rate 
of 20 gal Ions /minute the temperature difference is proportional to power 
dissipation. However, for a given power dissipation, the temperature 
difference does not increase proportionally when the flow rate is decreased 
(e.g., at 15 kw dissipation and 10 gallons/minute flow the difference is 
16 Vf). From the above results it is clear that, at a flow rate of 20 
gallons /minute, variations of + 10% in the output of individual klystrons 
(due to manufacturing tolerances, aging, variation in rf drive, etc.) from 
the nominal value would (at maximum Stage II power level) cause + 1 F • 
variations in the temperature of the accelerator sections receiving the 
power from the affected klystrons. The corresponding temperature variations 
in the case of 10 gal Ions /minute flow rate would be + 1.6 6 F, etc. 



V V. Lisin, "Tentative Water Jacket Requirements", TN 62-23, Supplement No. 
April 19, 1962. 
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Exhibit 1 t Some Calculations Made by Al LI sin In December 1962. 
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25 January 1963 

Arnold Eldredge 
A, V. Lisin 

Results of Recent Water Jacket Analyses 

Since our meeting with Professor Kays, I have studied the counterflow tube 
type of water jacket further and have considered minor variations of the 
basic arrangement. Flux plots were made, using conducting paper models, to 
determine temperature distributions in the accelerator pipe and the volume 
average temperatures at the midpoint and ends of the pipe. Flux plots were 
made of several geometric configurations and at several water flow rates with 
constant diameter tubes. Entrance effects were not considered in the flux 
plots but were corrected for later, Data of Boelter 1 , corrected to our 
conditions using data given me by Kays2 3 was used to account for entrance 
effects. The effect of heat flux asymmetry on the convection conductance 
was considered in the flux plots. The magnitude of the correction was 
determined from Reynolds* analysis^. The correction was found to have a 
negligible effect on the temperature distribution. 

The results of the flux plots are believed to be quite accurate, With the 
large scale model and the 1% voltmeter used, better than 0.1°F accuracy 
was achieved. For eight constant diameter tubes with a .080 inch wall and 
a flow of 13 gpm, the volume average temperature is about 2.5°F higher at 
the midpoint than at the pipe ends. The largest temperature variation 
occurs because of the hydrodynamic and thermal entrance effects, The 
average temperatures of the cavities which are unaffected by the entrance 
effects are all within 0.8°F* 

m 

Since heat is being removed from the accelerator section essentially along 
8 lines, peripheral as well as radial temperature gradients exist. At the 
midpoint of the accelerator, the highest temperature, at the inside surface, 
is .81°F higher than the average and the minimum temperature, just under a 
cooling tube, is 2,01°F below the average. The maximum to average and 
average to minimum temperature differences are 1.11°F and 3.74°F respectively 
near the accelerator ends. 

The expected average wall temperature distribution is shown in Figure 1. 
The band shows the temperature limits expected for the following tolerances: 



Tube Wall Thickness 


,080 + .0035" 


+.08°F 


Tube ID 


.340 + .005" 


+.07°F 


Braze Width 


.250 + .032" 


+.23°F 


Braze Height 


.002 + .002" 


+.04°F 


Water Flow 


13 + .26 gpm 


+ . 13°F 


Total 




+,55°F 
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The total tolerance buildup assumes, of course, that all tolerances are at 
their extremes at the same time. Heat conduction in the longitudinal 
direction has been neglected and this will help to decrease the tolerance 
effects. The uncertainty in trying to predict the convective heat transfer 
conductance in the entry region of the cooling tube is quite high. In 
addition, the heat transfer characteristics in the entry region are not as 
stable as they are after thermal and hydrodynamic boundary layers have 
become established. Therefore, the temperature uncertainty might widen at 
the accelerator ends by about a factor of 2. 

The flux plotting results for the above conditions and for the other 
conditions tested are shown in Table I. The average temperatures (t) are 
referred to the inlet water temperature (t ). The last column shows the 
difference in average temperatures from the middle to the ends. Note 
that the case of 8 tubes with .160" wall and 1/4" contact is extrapolated 
from other measured results. 

The table shows that increasing the wall thickness to .160" while keeping 
the cooling tube ID at .340" lowers the average temperatures by about .4°F 
but does not appreciably affect the middle to end temperature difference. 
Therefore, there would appear to be little advantage to increasing the 
cooling tube wall thickness. The use of 16 cooling tubes with a 13 gpm flow 
rate reduces the accelerator temperature level, but does not reduce the 
middle to end temperature difference. Therefore, there appears to be no 
advantage to increasing the number of tubes. In fact, the temperatures 
uncertainty would increase substantially because the flow per tube and 
therefore the Reynolds 5 number would be reduced to the point where the flow 
is not sufficiently far into the turbulent region to assure a stable convection 
conductance. 

For 16 tubes and 26 gpm, the temperature level of the accelerator is only 
about 5-l/2°F above the inlet water temperature. The difference between 
middle and end average temperatures is about .44 °F for a 1/4" wide braze. 
Here again, the braze joint width does not significantly effect the middle 
to end temperature difference although it does effect the temperature level 
of the pipe. Figure 2 shows the longitudinal variation in the volume average 
temperature for a 1/4" braze width. The temperature is seen to be much more 
uniform than for 13 gpm, 8 tube case. The cost of increasing the flow from 
13 gpm to 26 gpm is $417,000, according to Hall 4 . 

In order to yield the same volume average temperature all along the accelerator, 
the cooling tube could be tapered so that the convection conductance increased 
along each cooling tube in a manner which would just correct for the water 
temperature rise., A tube taper which would yield a constant wall temperature 
at a flow rate of 13 gpm is shown in Figure 3. It might be pointed out that 
there is some uncertainty in the mind of Professor Kays about the behavior 
of the convection conductance in a flow passage which is continually decreasing 
in size. A further problem might be the fact that the tube size is so large 
at the inlet end that the flow is barely into the turbulent region and the 
convection conductance may not be stable. 
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A vendor was contacted to determine whether or not the desired taper 
could be put into our cooling tubes, By hydrof orming , he felt that the 
tube ID could be increased to about 1/2 inch in a single operation if 
the tube were fully annealed. Further expansion of the tube would require 
another anneal. The cost of expanding the tube once would be about $7.50 
each and dies would cost a couple thousand dollars. On the basis of this 
estimate it would cost about $16 per tube to obtain the desired taper. A 
concave surface to conform to the accelerator pipe curvature would be formed 
into the tube during the tapering process. 

The possibility of placing the cooling tubes on fins, as mentioned by 
Professor Kays, was also considered. A tapered fin could be used to yield 
a uniform accelerator temperature. Such a tapered fin is shown in Figures 
4 and 5, An estimate from a single vendor indicates that in large quantities 
such fins would cost less than $5 to machine on all four sides . The fin 
offers the advantage of making the variable heat transfer resistance in a 
conduction path. The thermal conductivity of a solid material is quite 
uniform, predictable, and repeatable and our ability to predict the heat 
transfer resistance of a simple conduction path is good. Thus, the 
uncertainties in the convection conductance associated with a tapered tube 
are removed. The disadvantage of the fin is the additional part which 
must be handled and the additional braze joint. Even with the added braze 
joint, the tapered fin with a straight tube will probably cost less installed 
than the tapered tube. 

An alternate type of tapered fin might be one made in the shape of an "I" 
and on which the web thickness is tapered. The use of an "I" shaped fin 
would reduce temperature variation in the accelerator pipe due to variations 
in the braze joint width because the braze width (flange width) can ]?e made 
substantially greater than the fin width. With a reduced heat flux across 
the braze joint, the effect of braze width on temperature will be decreased. 
A further advantage of the !, I M fin might be the fact that all tubes are 
parallel so that the same support blocks can be used at any location along 
the accelerator pipe. 

Assuming that either the tapered tube or tapered fin concept is adopted, the 
final taper dimensions in the tube entrance region will have to be verified 
by experiment. The tapered fin could be set up and varied quite readily by 
filing the fin until the desired temperature is attained. The tapered tube 
would be considerably more difficult to modify. 

On the basis of the above, I would recommend that for greatest reliability 
and temperature uniformity, 8 straight tubes with .080 inch wall, brazed 
on an M I M shaped fin be adopted for the accelerator water jacket. 



A. V. Lisin 



AVL:mab 
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TABLE I 



SUMMARY OF FLUX PLOT RESULTS 



t - t t - t t - t 

Tube Contact o o 



No. Tubes Flow Wall Width x/i = .5 x/l » 1 x/l =.5 x/l = 1 



8 


13 


.080" 


1/4" 


11.81 


10.91 


0.90°F 






.080" 


3/16" 




11.39 








.160" 


3/16" 


11.90 


11.01 


0.89°F 




extrapolated 


.160" 


1/4" 


11.42 


10.53 


0.89°F 


16 


13 


.080" 


3/16" 


9.67 


8.82 


0.85°F 








.280" 


9.29 












.367" 


9.02 


8.06 


0.96°F 


16 


26 


.080" 


3/16" 


5.85 


5.39 


0.46°F 








.280" 


5.53 


5.10 


0.43°F 








.367" 


5.30 


4.83 


0.47°F 
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STANFORD LINEAR ACCELERATOR CENTER II (E) 
Beam Pipe Cooling System 



A memo Al wrote in February 1963 discussing alternative cooling tube 
configurations appears in Exhibit 1 „ 

Shortly afterwards Al proposed a modified water jacket which simplified 
the manifolding problems considerably. This later became the final design, 
shown in Exhibit 2, It is described in the August 1963 Status Report 
(SLAG -18): 

A 12-foot-high retort furnace was put into operation during the 
previous quarter. The furnace was constructed to prove the feasibility 
of attaching the cooling tubes to the accelerator pipe by brazing and 
for use until the pit furnace at the site is in operation. A cooling 
jacket assembly was brazed successfuly to accelerator section No. 22 
in the furnace. It was found that the entire assembly, including 
manifolds, feed tubes, fittings, and cooling tubes, could be brazed 
in a single operation. 

The water jacket on accelerator section No, ?2 was modified slightly 
from the previous models. The inlet and outlet manifolds wer^e located 
at the midpoint of the section so that the water flow from the supply 
manifold would flow through four feed tubes, split into eight "hair- 
pin 11 cooling tubes, and flow back through four return tubes into the 
return manifold. It was desirable to move the manifolds away from 
the accelerator section ends where accelerator support members, wave- 
guide transition supports, end flanges, and rf input and output wave- 
guides are located. The modification also cuts in half the number 
of manifolds and feed and return tubes required. 

Tests on accelerator section No„ ?2 in Test Stand I with up to 
15 kw of average input rf power have shown that the performance of 
the modified water jacket arrangement is essentially equal to that 
of the best of the earlier water jackets. Temperatures on the accel- 
erator fell within a 1,0°F band at the highest power level. The 
temperature was found to be high in the first two cavities at the 
input end. This effect is attributed to the heat that is dissipated 
in the uncooled input waveguide and then transferred into the cooler 
accelerator section. It is expected that cooling the input waveguide 
will allow us to attain a temperature uniformity on the accelerator 
section of + 0,4°F at full Stage II operating conditions. 
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Some of the final design parameters are 


listed 


below: 


Cooling tube to accelerator contact width 


3/16 inch 


Water flow rate 




13 gpm 


Water velocity 




6 f ps 


Reynolds number 




20,000 


Water temperature rise (Stage I) 




1.7°F 


Water temperature rise (Stage 11) 




7.1°F 


Accelerator average temperature 




113°F 


Cooling water inlet temperature (Stage 


i) 


110°F 


Cooling water inlet temperature (Stage 


id 


102°F 


Water jacket pressure drop 




? psi 



Al explained that the hairpin cooling tube idea had not begun to 
seem feasible until further experiments showed conclusively that en- 
trance effects were negligible . f, The manifold problem had been bad 
from the start, 11 he said, M The space restrictions were severe. I 
first came up with the hairpin idea when thinking about different 
ways to manifold the tubes, but I was afraid the 180° bends would 
just double the number of places where we had a thin boundary layer 
and high heat transfer rates. However our tests eventually showed 
that with straight, 6ounterflow tubes we would get either a drop or 
a rise in temperature at the ends of a pipe section, depending on 
power level. This is due to conduction through the waveguides. At 
low power the waveguides act as cooling fins and the temperatures 
at the ends of the section drop. At high power, heat is generated 
in the waveguide and in this case heat flows the other way, into the 
pipe. The temperature change at the ends from high to low power is 
two or three degrees. Later we tried water jacketing the waveguides 
too, but it didn't help enough to be worth the trouble. We never 
did measure any temperature "variations we could attribute definitely 
to boundary layer growth. 1 ' 

"A side benefit of the hairpin tubes is that they're easier to 
handle ~ only 5 feet long instead of 10. We couldn't have used more 
than eight hairpin tubes because the bends would've been too tight, 
but we would probably have decided on eight tubes anyway s for economy. 
From the calculations and flux plots, the .340 I.D, tube looked like 
a good size, not necessarily an optimum, but reasonable, and the cost 
of using more tubes with a higher flow rate didn't seem justified in 
terms of improved performance. We chose a thick walled tube for 
several reasons. It gives a large conduction path around the tubes 
and a higher fin effectiveness. We get a wide contact area, 3/16 inch, 
by milling the undersides of the tubes on a 2 inch radius where they're 
attached to the pipe. A thick wall is needed for this, and although 
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our studies showed the contact width isn't really critical, a 
large area is nice because any variations in the width or brazing 
alloy thickness are less significant- We can also counterbore the 
tubes to make connections, which allows us to keep the tube in 
contact with the pipe right up to the point of connection, and the 
heavy walled tubes are less liable to be damaged. A fully assembled 
10 foot section weighs almost 500 lbs and is not too easy to handle/ 1 

fl We decided to put the tubes onto the surface of the pipe without 
any spacers because of the lower costs and because our later tests 
showed this would probably work okay, The retort furnace allowed 
us to braze tubes on by heating the whole section up slowly, and we 
started getting much better results than with the soft -soldered 
tubes. We found both more uniform temperatures over a section and 
smaller variations with RF power level for the hairpin jackets as 
compared to the end -fed jackets, but I think most of the improvement 
was due to the brazing. These tests did show low pipe temperatures 
at the midpoint, perhaps due to entrance effects after all, but we 
found we could get rid of the dip in the temperature profile by 
raising the inlet tees between the tubes themselves and the feed 
pipes so they weren't in contact with the pipe surface/ 1 



By the middle of 1963 parts for all the pipe sections and jackets 
had been ordered. All water jacket parts were made by vendors from 
SLAC's stock of OFHC copper, The February 1964 Status Report (SLAC-27) 
gave the results of tests made to prove out the final design: 

During the quarter, final design type water jackets were, mounted 
on accelerator sections 27 through 58* The assembly technique was 
improved by holding the ' accelerator section vertical while the water 
jacket parts were mounted, (Previously, the assembly work had been 
done with the accelerator section held horizontally,) 

Tests carried out during the quarter in the high power rf test 
stand were performed on'the final water jacket design to verify its 
performance, The accelerator surface temperature was maintained 
constant during the tests, A block diagram of the temperature 
control arrangement is shown in Figure 6*. The water flow rate 
was the prescribed 13 gpm. The measured temperatures for accelerator 
section No, 29 are shown in Figures 7,8,9 and 10*. The temperatures 
were measured at average input power levels of 0, 5, 10 and 14 e 8 kw 
respectively; the last of these power levels represented the maximum 
practical capability of the test stand at the time these measurements 
were taken, All of these figures are composites of two or more test 
runs. Each dot on the figures represents an average value, and the 
vertical line shows the full range covered by the temperature values 
measured at that point. 



* Figures 6 through 10 are contained in Exhibit 3o 
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The surface temperature control sensor was located on cavity 
No. 60. It can be seen from the figures that the temperature at 
that point was held constant within 0vl°F at all power levels. 
Other points on the accelerator section varied considerably more 
with power level changes. Cavity No. 60 was chosen as the control 
point because use of that point was found to yield the smallest 
phase shift with power level changes . The measured temperatures 
all fell in the range of 113. 0°F to 114. 7°F, 



Al said, "We found that different sections behave the same within 
a few tenths of a degree." 

After assembly the 10 foot sections are mounted upon supports called 
strongbacks, as shown in Exhibit 4. The dead soft copper of the pipe 
would otherwise sag excessively. The strongbacks are in turn installed 
on 40 foot long aluminum tubes, 2 feet in diameter, as described in the 
following excerpt from the February 1964 Status Report: 



After the water jacket with its manifolds is brazed onto the 
disk-loaded waveguide, the assembly is mounted onto the strongback. 
During the mounting, adjustments are made to bring the two ends and 
the two-thirds points of the disk-loaded waveguide straight within 
0.002 inches. The strongback is designed to protect the disk-loaded 
waveguide and the waveguide transitions throughout the tuning and rf 
processing, which take place after assembly, In particular, the 
strongback is designed to support the disk-loaded waveguide so that 
it will not take on a permanent set if exposed to an acceleration 
of one "g" in any direction. 

In addition to the above functions, the strongback provides 
strength adequate to carry the forces imposed on the waveguide 
transitions by the adjoining waveguide and vacuum systems after 
final installation of the strongback on the 40-foot support beam. 
Accurately located alignment holes in the end assembly of each 
strongback are used for optical alignment of four strongbacks 
while they are being mounted on the support beam. The largest axial 
differential thermal expansion allowed between any of the four 
copper disk-loaded waveguides and the 40-foot aluminum structure 
is 0.320 inch. Therefore, the other functions of the strongback 
must not be influenced by an axial displacement of ± 0.160 inch of 
the disk-loaded waveguide relative to its strongback. 

The final design of the strongback has been completed, and 
specifications for this design have gone out for bids, The ten-foot 
beam member is an extrusion. The end assemblies will be fabricated 
out of castings, extrusions, and bar stock before final machining 
takes place. Six sets of castings for end assembly prototypes are 
now on order. 
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The beam pipe sections are aligned on the strongbacks with dial 
indicators. Four sections mounted on a 40 foot support beam are aligned 
optically to ,010 inch and the entire accelerator is then aligned to 
1/8 inch in 2 miles using a laser system. Provision is made for ready 
adjustments of up to 3 inches and up to 6 inches with additional manual 
adjustments, should realignment be necessary for example, following 
an earthquake. 

The drawn copper cooling tubes are spaced around the surface of the 
pipe by four notched rings of 4 inch I.D. and 5-3/4 inch O.D., made in 
halves, which are machined from 6 inch 0,D, copper pipe. Two of these 
rings are later attached to the strongback. The manifolds are machined 
from 2 inch bar stock, while the tees are made from 5/8 inch O.D., 
.465 inch I.D. tubing. Befare assembly the inside surfaces of the tees 
are nickel plated (.0005 inch) for protection against corrosion and 
erosion. 

During assembly of the sections, four different brazing operations 
are performed using copper-silver-gold brazing alloys melting at suc- 
cessively lower temperatures, In the first two steps, the beam pipe 
sections are assembled with, first, Nicoro alloy having a flow point of 
1877°F, then 50-50 gold-copper flowing at 1742°F* Next, the cylinders 
and discs are brazed together as described in Part A, In the last step 
the cooling tubes and manifolds are added: first, strips of Incusil 15 
(flows at 1270°F) .003 inch thick and 1/4 inch wide are spot welded to 
the tubes . The tubes are then staked to the half -rings and assembled 
to the accelerator section. The tees are added and the tubes are 
adjusted and wired in place* Finally the feed tubes and manifolds are 
positioned. Pre-formed strips and rings of the Incusil alloy are Tised 
for these parts. The section is then brazed in the retort furnace with 
the temperature held to 1360°F + 10°, Other brazing methods which had 
been considered included salt bath dip brazing -- rejected because a 
very deep and expensive bath would be needed since the sections had to 
be held vertically -- the flame furnace and ring burner with shields so 
the tubes would not be overheated, and a plasma arc. Al said, "The 
plasma arc and the modified flame furnace never got past the talking 
stage, but we did try dip brazing on some short sample sections. There 
were other problems besides cost the difference in immersion times 
between the top and bottom and also the corrosive effects of the salt. 
We had to guarantee that the ins ides of the beam pipe cavities would 
have a bright, clean surface and this would have meant sealing the ends. 
We ended up using a hydrogen reducing atmosphere in a more nearly con- 
ventional brazing furnace." 

After brazing, the water jackets are checked for leaks with a vacuum 
leak detector and are mounted on the strongbacks and aligned. Next the 
sections are tuned. A special machine was designed and built by SLAC 
to dimple the cavities. Four automatically controlled hydraulic rams 
successively squeeze each cavity while microwave measurements are made. 
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During this operation water is pumped through the cooling tubes with 
temperature and flow controlled to the design conditions. The section 
is then placed in an RF test stand and temperatures are checked at 
various power levels up to full Stage II power. Inlet and outlet water 
temperatures and the electrical phase shift are recorded.. When the 
testing is completed, nitrogen gas is used to push the water out of the 
tubes, which are then flushed with alcohol to pick up any remaining water. 
Nitrogen is again used to push out the alcohol and the tubes are pumped 
out with a vacuum pump to vaporize any alcohol left behind. The section 
is then ready to be installed on the 40 foot aluminum beam. Adjacent 
sections are connected through stainless steel flanges with spacers for 
adjustment. These isolate each section. The outside of the pipe is not 
insulated, although it is covered by magnetic shielding. Once underway, 
production went at the rate of about three sections per day. 

Al said, "After wrestling with the temperature control problem for 
a long time we finally decided that as long as we had a system that 
worked from a microwave standpoint, that's all we needed. When we were 
considering sector control I calculated that this would give us 1/2 to 1 
of temperature variation. Then in view of the budget we said, why bother. 
-- and decided just to control the water temperature at the inlet to the 
whole system. No temperatures on the beam pipe section are measured at 
all. When we were making and testing the sections we recorded the re- 
lation between water inlet temperature and RF phase shift for all the 
thousand sections as a function of power level. These were averaged to 
get a master curve of water temperature versus RF power for zero change 
in phase shift and we just control the water temperature manually ac- 
cording to the power level." 

m 

A mixing valve is used in the inlet line to the accelerator to 
adjust the proportions of cold water from the cooling tower and hot water 
returning from the accelerator to give the desired temperature. This 
method gives a temperature variation in the pipe of 1.2°F from zero power 
to full Stage I power (3.2 kw) . 

Besides mixing hot water exiting from the accelerator with cold water 
to get the desired temperature, a system in which the return water would 
be flash evaporated in a tank and re -condensed to come out at the desired 
temperature was also considered. Several 20 to 30 kw capacity systems of 
each type were built and tested. Performance was found to be about equal 
in terms of both steady state operation and transient response to a change 
in power level. The mixing valve system was chosen because it could be 
built largely with standard off-the-shelf components while most of the 
parts for the flash tank system would have had to be specially manufactured. 

Al said, "During RF tests we found that we could determine the average 
bulk metal temperature of the whole pipe with greater accuracy K± >01°F) 
by measuring the electrical phase shift than we were ever able to do by 
direct measurements with thermocouples (+ 0.1°F,." 
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Date: February 5, igft g 

To « A. L. Eldredge RECEIVED i 

m 

70 

F«om « A. V. Lisin p£g g ^53 3 

Subject: Summary of Several Longitudinal Tube Type Water Jackets ACCELERATOR STRUCTURES DEPT. 5 

n 
m 

On the attached sheets, I have briefly described each of the longitudinal ^ 
tube type of cooling jackets which look feasible and which do not cost much |j 
over $500. The ability of each type of jacket to maintain a uniform » 
accelerator temperature and the effects of tolerances on the temperature z 
uniformity are described. All temperature non-unif ormities reported are for c 
Stage II full power operation, and assume a cooling water flow rate of 5 
13 gP&. These non-unif ormities are directly proportional to power levaL. • 

Cost estimates are based on the best available information (cooling tube > 

cost is based on Anaconda's price. Copper bar cost is extrapolated from g 

other Anaconda prices. Cleaning times were obtained from J. Pope. In- g 
spection times were arrived at jointly with E. Jones. Assembly times were 

arrived at jointly with H. Soderstrom. Machining costs are based on en- z 

gineering estimates obtained from outside shops. The SLAC hourly labor < 

cost was assumed to be $7*00), £ 



I suggest that the final choice of water jacket design be made from one of # 
two designs. If temperature is all important and cost is secondary, the 

constant diameter tube on the X T spacer offers reliability and temperature 5 

uniformity at a cost of $377 • 00 P^r vater jacket assembly. If cost i6 n 

more important than temperature uniformity, the constant diameter cooling ™ 

tubes brazed directly to the accelerator offer a highly reliable system m 

at about $219.00 per water jacket. § 
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Constant Diameter Tube with 'I 1 Spacer 
Description 

Cooling tube is l/2" OD x .080 ff wall. 
Spacer is machined from 5/8 x 3/8 bar. 
Eflges are machined to conform to 
accelerator pipe and cooling tube 
curvatures. Brazing alloy wire grooves 
are machined in same operations, i/v 
high web is machined to varying thick- 
ness to correct for water temperature 
rise and entry effects, yielding a 
constant accelerator wall temperature. 
Web thickness varies as shown in SK 751-025-RO* The heat transfer registance 
added by the web would raise the accelerator temperature by 2 to 115 P- 
Tolerance buildup can result in a + .80 F temperature variation in the 
accelerator. Total cost of complete water jacket assembly is $377* The 
chances of this water Jacket performing as predicted are very good. 




Tolerance Effects 

Cooling tube ID .3^0 + .005 + •°7q V 

Water flow rate 13 gpm + 2$ ^ .13^ 

Tube wall thickness ..080 + 70035 7 *.08 Q F 

Web height .250 + .003 + .05 q F 

Web thickness .06 (ndn) + .003 - .15 F 

Braze joints widths .$k + -031*" 7 *30 o F 

Braze joints thickness .001""+ .001 T .02 F 

Maximum possiblie temperature variation + .80°F 



Costs 



Materials • 

Bar (3/8 x 5/8) .90 lb/ft x 80 ft x $l,20/lb 87 
Tubes (l/2 0D x .080 vail) 

.405 lb/ft x 80 ft x $1.82/lb « 59 
Alloy (.035 dia. Incusil) 

.062 oz/ft x 160 ft x $2.10/oz - 21 

Furnace (power and gases) ^0 

Manifolds and fittings 30 

Temperature Sensor 20 



Total material cost $257 



* Page 12 of this exhibit 
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Labor: 

Machining spacer $7-50 ea x 8 60 

Inspection .05 hr/tube x 8 3 

.05 hr /spacer x 8 3 

Cleaning .01 hr/part x l6 1 

Assembly 2 man hre 1^- 

Brazing 1 man hr 7 
Hydrostatic test and 

adjust 3 man hrs 21 
Calibrate and Wire temp, 

sensor *5 lasSun ^ s ^ 

Dry and seal tubes 1 man hr 7 



Total labor cost $120 



Total cost $377 



Constant Diameter Tube vith Tapered Rectangular Spacer 



Description 

The cooling tube is l/2 ft OD x. .080 wall. 

The spacer is machined from l/k x 7/8 bar. \ — j 
The spacer height varies along its length | 

in a manner which compensates for the water \ \ 

temperature rise and entrance effects. 
The machined edges are made concave to fit 
the cooling tube curvature and accelerator 
curvature. The dimensions of the tapered 
spacer are shown in Figures 1 and 2.** 
Brazing alloy in sheet form would be used. 
The heat transfer resistance added by the 
spacer would cause the accelerator opgrating 
tempera/ture to increase by 2 F to 11 5 F. 
Tolerance build up can result in a + .81 F 

temperature variation in the accelerator. The total cost of such a water 
jacket assembly is $377. The chances of this water Jacket performing as 
predicted are quite good. 

Tolerance Effects 

Cooling tube ID .3U0 + .005 + .07°F 

Water flow rate 13 gpm + 2$ T .13°F 

Tube wall thickness ,080 + T0035 t .08°F 

Spacer height 1.0 + ,002 t .02°F 

Spacer width .25 + «000 ~ .005 + .09°F 

Braze joints widths ,250 + .031 ~ *k0°F 

Braze joints heights .001 + .001 t .02°F 



Maximum possible temperature variation + ,8l F 

Costs 

Materials : 

Bar (l/k x 1-1/8) 1,09 lb/ft x 80 ft x $120/lb = 10k 
Tubes (l/2 0D x .080 wall) 

.1*05 lb/ft x 80 ft x $1.82/lb - 59 
Alloy (.005 x 5/l6 sheet) 

• 00792 oz/sq. in. x .312 x 160 x 12 sq,. in. 

x $3-50/oz = 17 
Furnace (power and gases) kO 
Manifolds and fittings 30 
Temperature sensor 20 



Total material cost $270 



* Not included. These figures are the same as Figures A and 5 on pages 9 and 
of Exhibit 5 in Part D (Al f s previous memo on water jackets). 
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Labor: 

Machining spacer $4.50 x 8 36 

Inspection ,05 hr/tube x 8 3 

.05 hr/spacer x 8 3 

Cleaning .01 hr/part x 16 1 

Assembly 3-5 ^an hrs 25 

Brazing 1 man hr 7 
Hydrostatic test and 

adjust 3 man hrs 21 
Calibrate and vire 

temp, sensor .5 man hrs k 

Dry and seal tubes 1 man hr 7 

Total labor cost $107 

Total cost $377 



ECL 61 -E 
Exhibit 1 
Page 6 



Integral Tube and Spacer 



o 




Description 



Coolant passage and variable spacer are 
made from a single piece. The extruded 
piece is 1 l/k n x l/2 !t vith 0.3^0 hole on 
the center. One edge of the piece is 
machined to conform to curvature of accel- 
erator pipe vail and to accept brazing 
alloy wire. The l/h u high web is machined 
to varying thickness to correct for water 
temperature rise and entry effects y yield- 
ing a constant accelerator wall tempera- 
ture. Web thickness varies in same way as 
for seperate spacer (part no. SK 751-025-RO). 
Because of the heat transfer resistance of 
the web the accelerator temperature will 

have to be increased by 2 F to 115 F. Tolerance buildup can result in a + 
• 59 F temperature variation in the accelerator wall. Total cost of complete 
water jacket assembly is $50^- The chances of the water jacket performing 
as predicted are very good. 



Tolerance Effects 



Flow passage ID 
Water flow rate 
Wall thickness 
Web height 
Web thickness 
Braze joint width 
Braze joint height 



.3^0 + .005 

13 gpm + 2$ 
.080 + .005 
.250 + .003 
.06 (min) + .003 

.ho ± .031 

.001 + .001 



Maximum possible temperature variation 
Costs 



.0 7 °F 

.13°P 

.0 3 °F 
.0 5 °F 
.15 F 
.1 5 °F 
.01°F 



• 59°F 



Materials: 

Bar (1 l/h x 1/2 0D x .3^0 ID) 

2.08 lb/ft x 
Alloy (.035 dia. 

.062 oz/ft x 
Furnace (power and gases) 
Manifolds and fittings 
Temperature sensor 



30 ft x $1.8o/lb 
Incusil) 

80 ft x $2.10/02 



300 
10 

ko 

30 
20 



Total material cost 



$1*00 
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Machining $6.00 ea x 8 kQ 

Inspection .05 hr/tube x 8 tubes 3 

Cleaning .01 hr/part x 8 1 

Assembly 1-5 m** 1 ^ 10 

Brazing 1 Man hr 7 
Hydrostatic test and 

adjust 3 man hrs 21 
Calibrate temp, sensor 

and wiring .5 man to ^ 

Dry and seal tubes 1 man hr 7 



Total labor cost $101 



Total cost 



$501 
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Tapered Tube 
Description 

l/2" OD x .080 wall cooling tubes are 
expanded by hydroformirig (in two steps 
with an intermediate anneal) in a tapered 
die. The tube diameter and wall thickness 
would vary in a manner which will just 
correct for the cooling water temperature 
rise and entrance effects. The tube di- 
ameter variation is shown in Figure 3* 
A concave surface to conform to the accel- 
erator wall curvature would be formed into 
the tube in the tapering process. Sheet 
alloy would be used for brazigg. Tolerance 
buildup can result in a + .95 F temperature 
variation in the accelerator. The total cost of such a water jacket assembly 
is $358* This design would be less reliable than the previous two because 
of the uncertainty in flow behavior in a constantly converging flow passage 
and because of the low Reynolds' number in the entrance region. 




Tolerance Effects 

Flow passage ID ~7 (max) + .005 + .20°F 

Water flow rate 13 gpm +~2# 3 ,13 °F 

Wall thickness .040 (min) ± .010 t .25°F 

Braze joint width .187 + .0^7 t .35°F 

Braze joint height .001 + .001 + .02°F 

Maximum expected temperature variation + «95°F 

Costs 



Materials : 

Tubes (l/2 OP x .080 wall) 

A05 lb/ft x 80 ft x $1.82/lb = 59 
Alloy (,0015 x l/k sheet) 

.00792 07,/scl. in. x .25 x 80 x 12 sq. in. 

x $3-50/pz = 7 
Furnace (power and gases) kO 
Manifolds and fittings 30 
Temperature sensor 20 



Total material cost 



$ 156 



Labor : 

Tapering tubes 
Inspection 
Cleaning 
Assembly- 
Brazing 

Hydrostatic test and 

adjust 
Calibrate and vire 

temp, sensor 
Dry and seal tubes 

Total labor cost 

Total cost 



$16.00 ea x 8 128 * 

.1 hr/tube x 8 6 

.01 hr/tube x 8 1 

3 man hrs 21 

1 man hr 7 

k man hrs 28 

.5 man hr k 

1 man hr 7 



$202 
$358 



* Assuming forming can be done in tvo steps. A third step vould 
increase cost by $64, 



Constant Diameter Tube 



Description 

The cooling tube is l/2" OD x .080 vail 
everywhere. A concave surface is machined 
into the tube vail to conform to the 
accelerator pipe curvature. A .030 deep 
groove for the brazing alloy wire is 
milled in the same operation. No correction 
is made for the water temperature rise or 
entrance effects. Over most of the accel- 
erator length, the temperature is within 
0.9 F. Over the 3 or k end cavities the 
temperature drops so that it is 1.7 F low at 
the accelerator ends. The tolerance buildup 
can result in an additional temperaturevariation in the accelerator of 
+ .59 F. The cost of such a water jacket is $219. The chances of this 
type of jacket of performing reliably and repeatably are very good. 




Tolerance Effects 

Cooling tube ID .3^0 + .005 + .07°F 

Water flow rate 13 gmp + 2$ ~ .13°F 

Tube wall thickness .080 + TOO35 t .08°F 

Braze joint width .160 + .031 - .30°F 

Braze joint height .001 + .001 t .01°F 

Maximum expected temperature variation + »59°F 

Costs 



Materials : 

Cooling tubes (l/2 0D x .080 wall) 

.k0$ lb/ft x 80 tt x $1.82/lb » 59 
Alloy (.030 die. Incusil) 

.*K)6 oz/ft x 80 ft x $2.10/oz 8 
Furnace (power and gases) kO 
Manifolds and fittings 30 
Temperature sensor 20 



Total material cost 



$157 
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Labor: 

Machining .02 hr/tube x 8 1 

Inspection .05 hr/tube x 8 3 

Cleaning .01 hr/tube x 8 1 

Assembly 2.5 *nan hrs 18 

Brazing 1 hr 7 
Hydrostatic test and 

adjust 3 man hrs 21 

Calibrate temp, sensor .5 man hrs h 

Dry and seal 1 man hr £ 

Total labor cost $62 



Total cost 



$219 
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FIG. 6 — Temperature control system for accelerator section. 
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PIG* 7- -Measured temperatures on accelerator section - 0 average input rf power. 
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FIG. 8 — Measured temperatures on accelerator section - 5 W average input rf power. 
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FIG. 9-- Measured temperatures on accelerator section - 10 kW average input rf power. 
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FIG. 10* -Measured temperatures on accelerator section - 15 kW 'average input rf power. 
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